BACKGROUND: Body mass index (BMI; weight (Wt)/height (Ht) (in kg m À 2 ) and waist circumference (WC) are widely used as proxy anthropometric measures for total adiposity. Little is known about what scaling power of 'x' in both Wt(kg)/Ht(m)
INTRODUCTION
Body mass index (BMI), or Quetelet index, 1,2 weight (Wt) in kilograms (kg) divided by the square of height (Ht) in meters (m), that is, Wt/Ht 2 or kg m À 2 , is arguably the most widely used anthropometric measure of human adiposity because it is minimally correlated with height, whereas highly correlated with weight. 3 The National Heart Lung and Blood Institute (NHLBI) has classified obesity status in terms of BMI cutoffs regardless of sex, age or race/ethnicity 4 despite the fact that there is convincing evidence that the relationship between BMI and adiposity depends on these demographic factors. 5, 6 Furthermore, BMI has a number of limitations including the fact that it is not necessarily independent of height especially in early life, and that it can serve as a measure of lean body mass as well. 7, 8 Nonetheless, BMI-based obesity status classifications have been ubiquitously applied in epidemiologic studies in the field of obesity and beyond to examine associations between obesity and medical or mental morbidity and mortality.
Given that BMI is so widely used both clinically and in large epidemiologic studies as a proxy for total body fat mass (TBFM) in spite of questions about its accuracy as an indicator of TBFM, [9] [10] [11] comparison of BMI and alternative anthropometric measures as surrogates for TBFM should be a high priority. Furthermore, although the relationship between BMI and mortality and various morbidities is well recognized as J-shaped, 12 the risk of mortality or morbidities might be linearly associated with fat mass. [13] [14] [15] [16] Where appropriate, such anthropometric surrogates can be converted to percent total body fat as 100 Â (TBFM/Wt)%. Therefore, we consider a class of indices of the form of Wt/Ht x , a power-type index, in order to identify the scaling power that generates a specific weight-for-height that is maximally associated with dual energy X-ray absorptiometry (DXA)-measured TBFM, where x is defined as a scaling power. In this sense, BMI is a special case with x ¼ 2 and so is ponderal index 17 with x ¼ 3. In fact, Benn 18 proposed a mathematically driven approximate formula for obtaining a power x in Wt/Ht x that is maximally associated with relative weight (that is a ratio of a subject's weight to a population standard weight) and at the same time virtually independent of height; these two conditions were suggested as criteria for a 'good index of obesity'. However, Benn examined the validity of his approximate formula in reference to a log-transformed sum of skinfold thickness measurements, which is not a direct measure of TBFM. Flegal 19 further examined Benn's index using the 1976-1980 NHANES II skinfold thickness measurement data and showed that relative weight is as good as, or even preferable to, Benn's index. Nevertheless, the notion of relative weight is somewhat arbitrary and the skinfold thickness measurements are another proxy anthropometric adiposity measure.
In this paper, we seek to empirically estimate the power of the scaling factors x of weight (Wt/Ht x ) with respect to height that are maximally associated with TBFM measured in vivo by DXA in a nationally representative sample of US adults stratified by sex, age and race/ethnicity. In addition, waist circumference (WC) is considered to be an important proxy anthropometric measure of central adipose tissue distribution or TBFM; 20 however, little is known about what scaling power of x in WC/Ht x is maximally associated with measured TBFM. Here, we refer to such an x as the optimal scaling power although it may not necessarily guarantee to produce Wt/Ht x or WC/Ht x that is independent of height. To this end, we used data from the National Health and Nutrition Examination Survey (NHANES) 1999-2004, 21 which provide a unique opportunity to estimate the optimal values of x that yield Wt/Ht x and WC/Ht x that are maximally associated with DXAmeasured TBFM.
SUBJECTS AND METHODS

NHANES measurements
The National Health and Nutrition Examination Survey (NHANES) is a unique program of studies that combine interview and physical examinations to assess health and nutritional status of adults and children in the United States. 22 It examines a nationally representative crosssectional sample of about 5000 persons each year, and obesity is one of the main health risk factors that the current NHANES is designed to study. Measurement of body fat mass by DXA. Throughout the survey periods, NHANES used the Hologic QDR-4500A fan-beam densitometer with Hologic software version 8.26:a3* (Hologic, Inc., Bedford, MA, USA), to measure in vivo regional body fat distributions in mobile examination centers. The DXA scanner measures regional body fat masses first and then computes total body fat mass as the sum of regional body fat masses. The QDR-4500A densitometer algorithm, however, overestimated lean mass by 5±1%. 23 For this reason, NHANES decreased DXA lean mass by 5% and added an equivalent kilogram weight to the fat mass without affecting the total mass. 24 Imputation for incomplete fat mass measurements. Overall, B22% of the subjects in the NHANES 1999-2004 had an incomplete total body fat measurement because of at least one incomplete regional body fat measure due to invalid DXA scanning. 25 Reasons for incompleteness include the presence of certain non-removable objects (for example, prostheses), excess X-ray noise and positional problems. 25 In order to impute the incomplete regional body fat measures, the National Center for Health Statistics (NCHS) applied a sequential regression multivariate imputation method 26, 27 and generated five imputed datasets for missing DXA regional body composition measurements and total body fat mass. 24 However, imputation was not applied to self-reported pregnant women and subjects heavier than 300 lbs (136 kg) or taller than 6'5" (195 cm) who were excluded from the DXA scanning based on the NHANES criteria. 24 In addition, subjects with amputated body part(s), albeit scanned by DXA, were not imputed for incomplete regional body fat mass(es).
Anthropometric measures. Anthropometric measures including height, weight and WC were obtained using a standard NHANES protocol. 28 In short, unassisted standing height was measured as a maximum vertical size by a fixed stadiometer that utilized a computer for reading. Weight was measured in a standing position by a digital weight scale. Waist circumference was measured in a standing position, above the uppermost lateral border of the right ilium, to the nearest 0.1 cm using a tape measure.
Study sample
Stratifications. We use the same stratification by sex, age and race/ ethnicity that Heo et al. 29 used for the development of percent body fat cutoffs. Body fat distributions differ between men and women 30 and are also associated with ethnicity. 31, 32 We used the following NHANES race/ ethnicity classifications (with the NHANES variable name 'RIDRETH1'): nonHispanic whites, non-Hispanic blacks and Mexican-Americans who are Hispanic and of Mexican origin. We excluded other Hispanics and other racial/ethnic and multiracial groups due to relatively small sample sizes compared with those of the included groups. Age was categorized as follows: 18-29, 30-49 and 50-84 years old. This categorization was based on the following considerations: (1) total potassium, an indicator of fat free mass, decreases after B30 years in both men and women; 33 (2) age 50 is about when women enter the menopause, which affects body fat mass 34 and (3) unweighted sample sizes are approximately equal across the three age groups for both men and women in all ethnic groups except in nonHispanic whites who include more older subjects than other groups. However, weighted sample sizes are much larger for non-Hispanic whites (data not shown), which implies that the other race/ethnic groups are oversampled.
Study sample. The total number of subjects in the NHANES 1999-2004 survey was N ¼ 30 547 and among these N ¼ 16 744 subjects were X18 years. Of these subjects, we excluded from the present study the 3838 subjects who had incomplete weight or height measurements, had highly variable imputed DXA measurements, were not imputed for incomplete DXA measurements, or did not belong to one of three race/ethnic groups mentioned above. All of these exclusions result in a total sample of N ¼ 12 906 subjects (6544 men and 6362 women) who had complete information, observed or imputed, on all variables except for WC. All of these subjects are used for the determination of optimal scaling of weightfor-height. Additional subjects (142 men and 160 women) are excluded for the determination of optimal scaling of WC-for-height due to WC missing measurements that were not imputed by the NCHS. Tables 1 and 2 present the number of subjects for each stratum included in the present analysis.
Statistical analysis
Statistical methods. As NHANES was conducted based on a multistage complex survey design to increase representativeness of the US population, we take into account the sampling strata, primary sampling unit and individual sampling weights for all statistical analyses particularly adhering to the analytic guidelines suggested by the NHANES. 35 We use SAS PROC MEANS with options for sampling weights and SURVEYREG with SAS v9.3 (SAS Institute Inc., Cary, NC, USA) for descriptive and inferential statistical analyses, respectively. In addition, statistical analyses are applied to each of the five imputed data sets, yielding five sets of results from which final results are obtained based on a pooling method proposed by Rubin 36 applying SAS PROC MIANALYZE. For descriptive statistics, we report weighted mean and weighted standard deviations (s.d.). For inferential statistics, we report estimated regression coefficients, their standard errors (s.e.), weighted root mean square error (RMSE) and R 2 for the assessment of goodness-of-fit of the regression models. However, we do not report root mean squares of errors that are irrelevant as the NHANES data are collected based on complex multistage survey sampling instead of simple random sampling.
Determinations of optimal scaling. We apply a grid search by increasing x from 0.0-3.0, by increments of 0.1 to the simple regression model,
for the weight-for-height indices and TBFM ¼ b0 þ b1 Â (WC/Ht x ) for the WC-for-height indices. We then obtain an estimate of x that results in the greatest R 2 first for each sex and then for each combination of race/ethnicity and age groups within each sex. The estimated regression lines with optimal indices provide optimal prediction equations for TBFM. To this end, for each imputed data set, a total of 620 ( ¼ 2 Â 10 Â 31) regression models are fitted for the weight-for-height Optimal scaling of weight and waist circumference M Heo et al indices and the same number of models are also fitted for the WC-forheight indices.
Of note, the identical approaches fitting the same number of regression models are also applied to identify the scaling powers x in Wt/Ht x and WC/ Ht x that are least correlated (that is, R 2 ¼ 0) in the following regressions:
Difference in TBFM estimates. We assess the differences in estimated TBFM from two prediction models: that based on BMI minus that based on optimal weight for height index. For each sex, the TBFM estimations are made over body weights ranging from 55-100 kg by increments of 5 kg for each given heights of 1.5 m, 1.6 m, 1.7 m, 1.8 m and 1.9 m. The differences in TBFM estimates between that based on BMI and that based on the optimal scaling power were then computed for each combination of the given height and weight.
RESULTS
Descriptive statistics Subject characteristics are described in Table 1 . Non-Hispanic whites and Mexican Americans are the oldest and youngest, respectively, in both sexes. Among men, non-Hispanic whites are the heaviest and tallest, and have the greatest TBFM and WC. However, BMI's do not differ significantly across the three racial/ ethnic groups. In contrast, among women, non-Hispanic blacks do Scaling powers least correlated with height The scaling powers of x in Wt/Ht x that are least correlated with height are x ¼ 2.1 and x ¼ 1.6 among men and women respectively. These values vary across the age-race/ethnicity stratifications from 1.9-2.8 among men and from 1.5-2.2 among women ( Table 2 ). The scaling powers of x in WC/Ht x that are least correlated with height are x ¼ 0.5 and x ¼ 0.3 among men and women respectively. These values also vary across the age-race/ ethnicity stratifications from 0.4-1.2 among men and from 0.1-0.8 among women (Table 2) . Among women, x in WC/Ht x was the smallest in the middle age group (30- Figure 1) . The optimal scaling powers across the nine combinations of the stratifying factors for each sex do not include 2, the scaling power of BMI, but vary slightly: 0.8-1.3 for men and 0.5-0.9 for women ( Table 3 ). The R 2 is higher for women than for men overall, as well as for every combination of age and race/ethnicity. Among men, the goodness of fit R 2 with the optimal scaling is the highest for the youngest group (18-29 years) regardless of race/ethnicity and decreases with increasing age. Among women, the R 2 also depends on age, where the youngest group has slightly higher R 2 compared with the older age groups, regardless of race/ethnicity. For both men and women, results for the non-Hispanic blacks have the highest R 2 regardless of age.
Optimal scaling of WC-for-height The estimated optimal scaling power is x ¼ 0, in other words, no scaling of WC with respect to height is necessary, for men (R 2 ¼ 0.90) or women (R 2 ¼ 0.82) (Figure 1b) . The prediction equations are: TBFM ¼ À 40.7 þ 66.4 Â WC for men and TBFM ¼ À 35.8 þ 71.7 Â WC for women (Supplementary Figure 2) . The optimal scaling power across the nine combinations of the stratifying factors is 0 for both men and women except for nonHispanic black men aged 18-29 y (x ¼ 0.1) ( Table 4 ). In contrast to the optimal scaling findings for weight to height (higher for women compared to men), the R 2 for optimal scaling of WC to height is higher for men than for women overall and for every combination of age and race/ethnicity. Among men, the R 2 is the highest for the youngest group (18-29 year) and decreases with increasing age. This finding also applies to women except for nonHispanic whites, among whom the middle age group (30-49 y) results in the highest R 2 . Among men, Mexican-Americans have the lowest R 2 regardless of age. Among women, no clear pattern was observed across age and race/ethnicity. Figure 2 shows the differences in TBFM estimates from the prediction models based on the weight-for-height indices (Wt/Ht x ): those based on x ¼ 2 (BMI) minus those based on the optimal scaling powers x ¼ 1 for men and x ¼ 0.8 for women. Among men and women, TBFM estimates based on BMI are greater than those based on optimal scaling for shorter heights but are smaller for taller heights. The absolute differences increase with increasing weight among men and women. However, the differences in TBFM estimates are negligible regardless of weight, for height B ¼ 1.76 m among men, and for height B ¼ 1.63 m among women.
Difference in TBFM estimates
DISCUSSION
The estimates of the optimal scaling power of height for use in weight-for-height indices, determined by comparison with DXAmeasured total body fat mass, depend on sex, age and race/ ethnicity in the US population aged 18-84 y ( Table 3 ). The closest whole number of the scaling power over the age-race/ethnicity stratifications is x ¼ 1 for both men and women, resulting in Wt/Ht, a ratio of weight to height, while maintaining a stronger association with TBFM than BMI. Therefore, BMI, although widely used, may not be the optimal scaling of weight-for-height in reference to total body fat mass in any demographic subgroup. In addition, the ponderal index with x ¼ 3 scales less favorably than BMI (Figure 1) as previously reported by Florey. 17 On the other hand, the optimal scaling power of height for WC-for-height was WC itself without any power scaling (that is, x ¼ 0) of height, and WC was optimally associated with total body fat mass uniformly 
men ( ____ ) and women (-----).
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The indices based on these optimal scaling powers, nonetheless, are not independent of height in comparison with those presented in Table 2 . In this case, however, BMI appears to be approximately independent from height in both men and women (Table 2 ). This finding empirically shows that height-neutral indices of weight or WC are not necessarily optimal in reference to total body fat mass, and supports previous findings that body composition including TBFM is associated with height. 37 Furthermore, as reflected in Figure 2 , the difference in TBFM estimates between the optimal weight-for-height index and BMI can be substantial, and therefore use of BMI can induce a large measurement error concerning estimated adiposity. It follows that using BMI as surrogate for adiposity or TBFM may be prone to larger bias and lower precision in studies of obesity epidemiology. After all, this finding raises an important question as to whether a good anthropometric index of obesity can empirically be achieved in the context of Benn's notion that requires both maximal association with adiposity and independence from height.
It is interesting that WC is more strongly correlated with TBFM among men (R 2 ¼ 0.90) than among women (R 2 ¼ 0.82). BMI (R 2 ¼ 0.86) is more strongly associated with TBFM among women than WC whereas among men, WC is associated with TBFM as strongly as Wt/Ht (R 2 ¼ 0.90). Therefore, the simpler anthropometric measure WC may be more useful in men for the prediction of TBFM. This finding implies that abdominal adiposity is more highly correlated with TBFM in men than in women. In vivo imaging studies that have quantified visceral adipose tissue in adults across the adult age range have shown that men have larger quantities of visceral adipose tissue compared to women. 38 The estimated TBFM from the prediction equations based on optimal indices of weight-for-height and WC-for-height (Tables 3  and 4 ) enable indirect estimates of percent body fat by converting the predicted TBFM to percent body fat as 100 Â (TBFM/Wt)%. In contrast, Heo et al. 29 recently developed prediction equation models based on inverse BMI that directly predict percent body fat, using the same NHANES DXA dataset. Although further systematic comparisons should be conducted in the future, preliminary examinations reveal that the correlations or concordances of estimated percent body fats based on the prediction equations from the present study with observed percent fats are virtually identical to the correlations or concordances of those based on Heo et al.'s inverse BMI-based prediction equations. However, for evaluation of TBFM or percent body fat, the subject characteristics should be taken into account. For example, the goodness of fit R 2 in general appears to decrease, if not substantially, with increasing age (Tables 3 and 4 ). This finding implies that prediction of TBFM even with optimal scaling is less accurate for older subjects. Although both fat mass 30 and weight 39 increase with age while the height changes little, decreased fat metabolism and environmental or lifestyle factors Note: All estimated b0 and b1 coefficients are statistically significant with P-value o0.0001. The results were based on the pooling of results from the five National Center for Health Statistics (NCHS)-imputed data sets. All the results are obtained with the NHANES sampling design effects taken into account.
Optimal scaling of weight and waist circumference M Heo et al such as physical activity and dietary intake may have increasing influences on the body fat with increasing age. Given that obesity is a global epidemic 40 associated with increased mortality 12, 41 and numerous medical and mental comorbidities, [42] [43] [44] the present findings based on the nationally representative NHANES DXA data, whose measurement/ calibration approaches are well documented and thus extremely reliable, may contribute to the development of better proxy anthropometric measures or indices for adiposity for use in existing or planned cohort studies or surveys. In addition, the development of obesity classification criteria based on optimal weight-for-height indices or WC stratified by demographic factors should provide a more accurate assessment of the magnitude of the obesity epidemic and its implications for obesity-related morbidity (for example, diabetes, cardio vascular diseases or cancer) and mortality. As mentioned earlier, unlike BMI, the relationship between fat mass and morbidities are likely to be linear, and future studies should develop thresholds of fat mass that are associated with clinically relevant risks.
The present findings have important clinical utility as well, as the DXA method is primarily used in research settings but is not available in most primary care clinical settings where indirect in vivo assessments of body fat are often limited to anthropometric measures such as weight, BMI or skinfold thickness. 45 To this end, we present estimated TBFM based on optimal scaling powers for weight-for-height (Supplementary Table 1 ) and for WCfor-height (Supplementary Table 2 ). For the latter, estimation of TBFM requires WC only and does not require height since optimal scaling power is 0 except for non-Hispanic black men aged 18-29 years. Therefore, the optimal weight-for-height indices or WC may serve as anthropometric screening tools with little cost preceding referral for more precise and sophisticated, if costly, methods including DXA, computed tomography and magnetic resonance imaging. 46 A major limitation of the present study is that only simple linear regressions are used. Based on inspections of Supplementary  Figures 1 and 2 , especially among men, the fit of quadratic equations with the addition of quadratic terms might increase the R 2 and thus provide better TBFM estimates. In fact, quadratic prediction equations (data not presented) fit better both extreme ends of the weight-for-height and WC spectrum, but the increment in R 2 was negligible. Furthermore, TBFM estimates from simple and quadratic equations are nearly identical in the non-extreme ranges such as WC between 70-130 cm among men and o130 cm among women. Another limitation is that other anthropometric measures were not included in the present study. For example, Bergman et al. 47 recently developed a power scaling, called body adiposity index, of hip circumference to height in reference to percent body fat.
In conclusion, the analysis of the large and nationally representative NHANES 1999-2004 data with DXA-measured total body fat mass reveals that Wt/Ht or WC in men and Wt/Ht 0.8 in women are maximally associated with TBFM. Although optimal scaling powers depend on age and race/ethnicity, our results indicate that the widely used BMI (kg m À 2 ) does not represent the optimal weight-for-height scaling in reference to total body fat mass in either men or women, or in any demographic subgroup. However, the weight-for-height indices with optimal scaling powers are not independent of height whereas BMI is more uncorrelated with height. These findings have potentially important implications for the assessment of obesity using proxy measures in clinical and epidemiologic studies. Figure 2 . Differences in TBFM estimates from the prediction models based on the weight-for-height indices Wt(kg)/Ht(m)x: those based on x ¼ 2 (BMI) minus those based on the optimal scaling powers: x ¼ 1 for men, and x ¼ 0.8 for women.
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